The metabolome is the complete set of small molecules coming from protein activity 
INTRODUCTION
Metabolites are a record of chemical processes that have already happened in a biological system. This makes them better biomarkers than entities further upstream in the molecular biology of metabolism. Moreover, their concentration can control and modify the activity of proteins and genes and for those reasons metabolite analysis has growing interests in its different formats.
Classical bioanalysis is "targeted analysis", that means that there is the previous knowledge of what a specific or group of specific compounds mean for the situation under study and their nature and, therefore, specific analytical techniques can be applied for their measurement. However, frequently markers of a situation are unknown and, looking for them requires a "non-targeted analysis". Even more, unknown perturbed networks can be found with this methodology leading to new diagnosis, therapy or prevention. As an example, glucose is a well-known marker of diabetes that can be controlled with insulin, but pathophysiological changes leading to a higher risk of cardiovascular disease in those individuals are still unknown and could be found with non-targeted-analysis.
Regarding metabolites analysis, one main analytical difference lies in what is known about the parameters being measured. O. Fiehn [1] proposed a classification of analytical methods of metabolites according to these concepts: 1) Metabolite target analysis. That is the classical analysis looking for one or a few single compounds. Sophisticated methods for extractions, sample preparation, sample clean-ups and internal references may be used in this area, rendering target analysis much more precise than other methods. This strategy is mainly used for analyses that need extreme sensitivity and accurate quantification. Applications are found widely in literature of both biology and analytical chemistry, and it would be out of scope to try to cover them appropriately.
2) Metabolic profiling. Increasing the complexity, for investigations of selected biochemical pathways the analytical procedure can be focused on a small number of pre-defined metabolites. Sample preparation and data acquisition can be focused on the chemical properties of these compounds with the chance to reduce matrix effects.
For example, these pre-defined metabolites can be chosen based upon a class of compounds (such as amino acids, organic phosphates, fatty acids or carbohydrates), or based upon their association with a specific pathway. It is clear that sample preparation and quantification must undergo compromises if many different individual compounds are analysed simultaneously. For example, in metabolite profiling often, only crude sample fractionation and clean-up steps are carried out. Correspondingly, metabolite profiling is usually accompanied by rather focused biological questions and deep background knowledge, trying to cover all relevant compounds with authentic standards.
3) Metabolic fingerprinting. That is a rapid, high throughput global analysis developing signal patterns that, after applying chemometric tools, lead to a classification of samples according to their origin or their biological status. Signals obtained provide a kind of barcode to samples, that even without knowing their individual meaning permit their classification. Sometimes, metabolic fingerprints from different samples show differences capable to distinguish between individual signals that can then be related to sample classification. It can be clearly distinguished from metabolite profiling because in any experiment it is tried to take all detectable peaks into account, including unknowns. However, it cannot be assumed that such techniques lead to the identification of the most important effects, because in many cases unknowns are also revealed to be statistically different in the biological situations under study. Metabolomics has the ultimate goal of unbiased identification and quantification of all the metabolites present in a certain biological sample which was obtained from accurately defined experimental conditions. Since such an analysis reveals the metabolome of the biological system under study, this approach is called metabolomics, in analogy to genomics or proteomics. Both sample preparation and data acquisition must aim at including all classes of compounds, while at the same time assuring high recovery, and experimental robustness and reproducibility. The first requirement is to have available techniques that are as comprehensive as possible for metabolic analyses. As the chemistry of different metabolites is very heterogeneous, isolating and measuring them all together ('true metabolomics') is very hard, and most metabolic studies are really either "metabolic profiling" or "metabolic fingerprinting" of subsets of chemical classes.
Although in 2008 it seemed necessary to publish an illustrative review about the utility of separation science in metabolomic research [2] , it is nowadays evident that chromatography plays a major role in such research [3] . Furthermore, liquid chromatography (LC) in reverse phase (RP) mode coupled to mass spectrometry (MS) could be considered as the "second gold-standard" for metabolomics, providing alternative, complementary information to NMR. The information derived from RPLC-MS analysis is probably less robust but much more sensitive and, therefore, informative.
There are several reasons for this choice: The metabolites that can be determined cover a broad range in molecular weights, polarities and physic-chemical properties.
Moreover, the analytical conditions can be easily modified in order to achieve a more targeted analysis (profiling) or covering the broadest range of properties of the molecules i.e., types of metabolites (fingerprinting).
Moreover, RP-LC [4] , is the technique of choice for many researchers in metabolomics.
Stationary phase particle sizes above 2 µm (HPLC) are common. However, with the development of instrumentation capable of working at backpressures above 400 bar, stationary phase particles below 2 µm (ultra performance liquid chromatography -UPLC or ultra high performance liquid chromatography -UHPLC) have been introduced. This has resulted in large improvements in terms of analysis time (throughput), peak capacity and sensitivity.
The possibility of being coupled to a very powerful technique of structural elucidation such as MS is also a great advantage of this choice, and the mobile phases typically employed in RP-LC-MS (methanol or acetonitrile mixed with water plus volatile additives such as formic or acetic acids or ammonium) are compatible with the detection. In addition, the sensitivity of the detection is also recognized as one of the powers of MS, although this property is strongly dependent of the type of detector employed, and the application of LC-MS to metabolomics is a matter for other reviews [5, 6] .
The type of information provided is without doubt a very important reason to make RP-LC-MS a technique with an increasing role in the field of metabolomics, however other technical issues are important as well: the high reliability and exchangeability of different instrumentation manufacturers; the robustness of the analytical conditions (from the chromatographic column to the mobile phases), and the reproducibility within the same brand (batch-to-batch) and between equivalent products from different suppliers.
Nevertheless, even though the advantages of RP-LC are readily accepted, the analysis of a large number of very important molecules in terms of metabolic information are a challenge: these include highly polar molecules (simple saccharides, amino acids, aminated bases and nucleic acids, short-chain organic acids, phosphated molecules, etc.), poorly retained in the typical RP stationary phases, and analytical strategies developed to overcome such problem (e.g. ionic-pairing) can be incompatible with MS.
Taking this in mind, it becomes evident that a type of liquid chromatography that can make use of all the advantages of instrumentation but can efficiently retain and separate highly polar compounds (hydrophilic) is of great interest for studies about metabolism, both for profiling and for fingerprinting. On the other hand, as will be mentioned afterwards, hydrophilic interaction liquid chromatography (HILIC) is able to separate polar compounds with volatile buffers and high content of organic solvents in the mobile phase, which is optimal for desolvation. Therefore, the sensitivity of mass spectrometers can be theoretically increased when using desolvation in the ionization process, i.e. electrospray ionization (ESI).
Although the interest in HILIC is not new (in a very comprehensive 2008 review, papers from 1960's and 70´s were mentioned) [7] , it is widely accepted that the take-off of such methodology was in 1990, with the successful coining of the term HILIC by Andrew Alpert [8] and the first attempts to establish the physicochemical mechanisms and interactions between analytes and mobile/stationary phases. Since then, HILIC has become a topic of increasing interest in the scientific literature, and papers describing new phases and applications have deserved the publications of several reviews [7,9- One of the reasons for the relatively large number of general reviews in so short period of time is that under the term Hydrophilic very different types of phases and interactions can be included, and the results can be very different when applying the same conditions to different HILIC phases. In recent years new terms such as ERLIC (electrostatic-repulsion liquid chromatography) [16] or ANP (aqueous normal phase) [17] try to classify with more detail the types of chromatography taking into account the types of interactions. There are also other stationary phases and analytes that under specific conditions exhibit behaviors similar to those of HILIC even though the phase was not primarily designed for that separation.
HILIC mechanism involves different types of interactions: partition, ionic exchange, dipole-dipole interactions. It improves retention of highly polar analytes with mobile phases similar in composition to those of reversed-phase, although different proportions. HILIC conditions take place when a pseudostationary phase is formed with the support, the bonded phase and a water layer adsorbed onto this surface. This water must come from the mobile phase, and therefore mobile phases must contain a minimum amount of water, but the mobile phase must be mainly organic, with lower content of hydroxyl groups (90% acetonitrile, for example). High levels of organic contents in the mobile phase make polar compounds more highly retained in the water-rich liquid layer, whereas higher salt concentration would drive more solvated salt ions into the water-rich liquid layer, competing with analytes.
In fig. 1 a graphic summary of the interactions that can occur in HILIC is depicted.
Essentially, they are the same mechanisms that govern separation in RP-LC, but with very different relevance, because the hydrophobic interactions are, in quantitative terms, the less important for the retention.
This complexity of mechanisms and the relatively low range of mobile phases to be used can be considered one of the drawbacks of the technique. Moreover, Ruta et al.
[18] mentioned as drawbacks, too: high consumption of expensive acetonitrile, long equilibration times, peak shapes distorted, and lack of solubility of some compounds in high proportion of organic solvent.
In order to understand better the mechanisms that govern the separation, recent radar plots similar to those introduced used for RP-LC stationary phases [19] have been used to describe and compare 15 different HILIC stationary phases, in terms of hydrophilicity, charge effects, structural selectivity and separation efficiency with twelve compounds as probes for quantitative estimation of the different mechanisms that may affect the chromatographic performance. In addition, a group of 21 compounds has been also tested, as probe pairs to test the interaction mode in HILIC [20] . In addition, two sulfobetaine-based zwitterionic columns have been evaluated with 76 model compounds and a generally applicable retention model was established [21] The interest in such methodology and metabolomics sprang easily, and applications of HILIC to metabolomics have been specifically reviewed previously [22] [23] [24] . HILIC is still claimed as an attractive technique [24] , but even though the possibilities look broad, the fact is that it is not used that far, and less than 60 papers have been published with the terms HILIC and metabo(l/n)omics in the title, the abstract or keywords, from 2002 to date.
It could be thought that HILIC should have gained users and applications in the metabolomics field, as the knowledge about such methodology increased, together with the increasing number of papers that described metabolomic applications with liquid chromatography. However, in 2010-2011, the number of papers about HILIC for metabolomics could be estimated in approximately 5% of the papers that described metabolomic approaches with liquid chromatography, and as the number of papers that describe LC and metabolomic applications is still increasing, the use of HILIC for that application is not.
Taking into account the advantages of RP-LC mentioned above, the reasons why HILIC has not been used so far, being theoretically so interesting for metabolomics and an interest-growing technique, could be related to some real drawbacks, or to the lack of knowledge about the expected results that can be achieved, because HILIC can be a very diffuse term. 
Sample pre-treatment
The first point arising from HILIC was that apparently sample matrix had a higher impact than in RP-LC and it should be less eluotropic than the mobile phase, therefore predominantly organic. This fact opposes the nature of compounds to be analyzed, mainly polar, which often are not completely soluble in a non-polar solvents. In that sense, urine samples are usually diluted with acetonitrile in different proportions [26] [27] [28] [29] [30] . In some cases urine samples are lyophilized and reconstructed [31] Nevertheless, strategies for comprehensive analysis [32] do not consider that point and use solid phase extraction (SPE) and two complementary chromatographic methods with the aim of increasing the number of metabolites to be detected. The more polar fraction, i.e., the wash fraction from SPE, can be analyzed using the ZIC®-HILIC column, while the fraction eluted with an organic solvent, the less polar compounds, was analyzed using reversed phase technique. However, the efficiency obtained in HILIC was quite poor. Some authors just diluted urine with water [27] and they describe their method as an effective and repeatable method for urinary metabolite profiling.
Plasma samples need protein precipitation. For L-arginine metabolic pathways Brown et al. [33] selected isopropanol because it generated the greatest signal-to noise ratio and the best results in terms of precision compared with other precipitation reagents (acetonitrile, methanol, mixtures of all 3 solvents, and reagents with MgSO 4 added).
Meanwhile, global serum profiles of renal cell carcinoma [34] were obtained after protein precipitation with methanol with both RP chromatography and HILIC separations.
It is important to keep in mind that the weakest point in the analytical process will limit the final outcome and, therefore, metabolites which are not totally soluble in the sample matrix will produce random results, independently of chromatographic conditions downstream. Hence, of critical importance are not only the chromatographic and MS acquisition parameters, but also optimization of those variables that impact the sample treatment as well.
Stationary phases
If the goal is to retain and separate polar compounds, it is clear that that the stationary phase should be polar, and the first stationary phases where HILIC was tested were those used for normal phase (NP), i.e. bare silica, amino and cyano. Phases currently available are more numerous, and they are usually grouped within three categories:
neutral, charged and zwitterionic phases. They are commonly bonded to silica supports, and that must be also taken into account, because the support is not inert under HILIC conditions. Although other materials could have been used for the support (Zr, Ti), there are no significant number of applications of such materials to the research of metabolism, and they will not be considered here.
Silica gel HILIC mechanisms have been extensively investigated in silica gel, providing results that can be complementary to RP and therefore the data from two different separations of the same sample must be processed in order to achieve all the information required [4, 35] . The interesting possibility of serial coupling with a RP column has also been developed with bare silica [36] which permitted the separation of the compounds not resolved in the front (solvent peak) of the RP-chromatogram, without significant loss of efficiency for the peaks retained by the RP column. The bare silica columns in applications. Cations such as carnitine and derivatives [28] , small organic acids [26] [27] [28] , neutral galactooligosaccharides [37] and amino acids and derivatives [28] have been determined with such materials
In addition, silica hydride material (type C silica) is an interesting chromatographic support that has recently been introduced for metabolomics. It has less than 5% of Si-OH, and may present (Cogent Diamond Hydride TM ) around 2% of bonded carbon on the surface, therefore less polar [17] . As mentioned earlier, the term aqueous normal phase (ANP) is applied to the mechanism in these columns, which is different to that in classical HILIC. The mobile phases used and analytes separated in these applications may be similar, but from the words of the authors, "with reproducible retention and faster equilibration" [29, 38, 39] .
Neutral phases
The stationary phases with neutral groups for hydrophilic compounds include most of the bonded phases for HILIC but not all of the commercially available neutral HILIC phases have been used for metabolomic applications. Amide phases are one of the most popular (Acquity® BEH amide, TSKGel® Amide 80), and they have been applied to applications where strongly negatively charged metabolites (phosphated compounds) [40] were determined, together with amino acids and organic acids [40] [41] [42] , and for the analysis of Ganoderma species it was found to give similar results to a charged phase (PolySULFOETHYL A TM ) and a zwitterionic one (ZIC®-HILIC) [43] .
The cross-linked diol phase (Luna® HILIC) is another neutral phase that has been employed for metabolomic studies. In one exhaustive comparison of 10 HILIC phases it was found to give similar results to ZIC®-HILIC, but the latter was further optimized and used for the determination of metabolites in culture broths [44] . In the analysis of Ganoderma species previously mentioned, Luna® HILIC gave clustered results with a homemade phase that included sulfoxide and diol groups, and separated from the zwitterionic, charged or amide columns tested [43] .
Pentafluorophenylpropyl (PFPP -Luna® PFP, Discovery® HS F5) phases have been used to obtain the widest range of metabolites in one single run, because they can retain polar compounds (aromatic amines, halogenated compounds and other polar aromatic compounds) under HILIC conditions [11] , or RP-ionic exchange/hydrogen bonding/π-π interactions [45] . It is difficult to establish whether for a metabolomic application it is working under HILIC or non-HILIC conditions, but such phases have been applied for the classification of miso varieties [46] increasing the retention of polar metabolites such as organic acids and amino acids, including peaks corresponding to more non polar metabolites for the classification. Another application using PFPP compared its results with those from a HILIC amino column and found some advantages over PFPP, such as the resolution of some metabolic pairs and with similar structure, such as methylsuccinate/ethylmalonate, or malate/fumarate [31] .
Charged phases
Aminopropyl phases (Inertsil NH2, Luna® NH2) can be considered charged phases, depending on the pH of the mobile phase. They have been described for metabolomic studies with aqueous phases buffered with ammonium formate or acetate [47] [48] [49] , and successfully applied to the identification of changes in organic acids or amino acids.
A study compared the performance of nine different chromatography approaches involving seven different column chemistries [50] . This study identified HILIC on an aminopropyl column as an effective method to separate a broad range of cellular metabolites including amino acids, nucleosides, nucleotides, coenzyme A derivatives, carboxylic acids, and sugar phosphates. By separating compounds into a 40-min positive ion run and a 50-min negative ion run, a total of ∼140 compounds can be readily measured with a total running time of 90 min.
Zwitterionic phases
Zwitterionic phase, more specifically ZIC®-HILIC, is the phase most systematically evaluated, and with the best results in comparative studies for metabolomic applications (see table 1 ). It consists of groups with sulfobetaine bonded to silica, and therefore the possibilities for interaction include partition between the water layer on the surface, anion and cation exchange, and even non-polar interactions with the carbon backbone. The group of M. Lämmerhofer has identified the signals from more than 250 compounds using this column, and applied HILIC for targeted and nontargeted studies of fermentation broths [44, 51] , in acidic and neutral conditions. For the analysis of samples related to the leishmaniasis parasitic disease the group of C.
Dujardin have also optimized the analytical conditions for working with such a column [52] .
Future Perspectives
It can be accepted that HILIC is suitable to be implemented as a routine methodology from the clinical diagnosis perspective for some specific applications; however, much more work must be undertaken in order to give such an assessment from a more 
